ABSTRACT The transition from fetal to neonatal circulatory status is accompanied by marked alteration in relative right and left ventricular systolic and diastolic pressure. These alterations would be expected to influence both global and regional performance of the left ventricle. To address this issue, sequential two-dimensional echocardiographic studies were performed in normal newborns during the first days of life. Global and regional left ventricular wall motion were quantified by computer digitization with the use of an automated edge detection algorithm and a floating- The 2D echocardiograms of 27 older children (24 days to 6 years) who were referred to the cardiac noninvasive laboratory
RIGHT VENTRICULAR PRESSURE has been shown to influence the conformation of the left ventricle. [1] [2] [3] [4] [5] [6] Right ventricular systolic hypertension increases the radius of curvature of the ventricular septum (septal flattening) during systole.3 5 6 In fact, the radius of curvature of the ventricular septum is a function of the transseptal pressure difference. Theoretically, the variation in the radius of curvature and in the transmural pressure difference around the circumference of the left ventricle affects local loading conditions (wall stress) and consequently local performance.
To investigate this, we examined left ventricular conformation and regional performance in normal newborn infants. Since the right ventricular pressure is approximately equal to the left ventricular pressure at birth and it rapidly falls to near normal levels by a few days of age,7 any concurrent change in left ventricular conformation or regional performance may be due to alterations in the instantaneous pressure difference between the right ventricle and left ventricle. In addition, the effect of regional variation of left ventricular performance on the standard M mode echocardiographic variables of global left ventricular performance was addressed.
Materials and methods
Subjects. Fifty-four two-dimensional (2D) echocardiograms were obtained prospectively in 32 newborns, age 3 to 144 hr ( The method of analysis of regional wall motion performed by this instrument has been described previously.9-1 The center of mass of the left ventricle is calculated for each frame of the cardiac cycle, following which 64 radii of equal arc are automatically drawn outward from the center of mass to their point of intersection with the endocardial border. This procedure is performed for both long-and short-axis views of the left ventricle. The radial shortening fraction is calculated for each radius as the difference between the end-diastolic and end-systolic radius divided by the end-diastolic radius. Translational motion of the heart during the cardiac cycle is corrected by superimposition of the individual centers of mass. The rotational motion is corrected by aligning anatomic reference points. The landmarks used for this adjustment in short axis are the anterior and posterior junction of right ventricular free wall with the interventricular septum and the left ventricular papillary muscles. In long axis the edges of the aortic root and the apex of the left ventricle are used.
The endocardial border was divided into six segments in the short-axis view and into seven segments in the long-axis view according to anatomic landmarks ( figure 1 ). Studies performed in adults have often divided the left ventricular short axis into five free wall segments and three septal segments'2 and the American Society of Echocardiography (ACE) has recommended nomenclature. 13 In the adult heart, the septum occupies about three-eighths of the left ventricular circumference and this segmentation scheme results in eight equal subdivisions. However, in the infant heart we found that the septum subtends a larger proportion of the left ventricular circumference and that the exact arc varies with age. To permit comparisons among patients of different ages in spite of these differences, we divided the ventricle based primarily on anatomic landmarks rather than eight equal arcs. The three short-axis septal segments (anterior septal, septal, and diaphragmatic septal) are analogous to the anterior, middle, and inferior septum in the ACE nomenclature (figure 1). The free wall short axis was divided into three segments rather than five since this minimized size discrepancies between the free wall and septal segments and permitted the use of well-defined anatomic landmarks (papillary muscles). Thus, the anterior segment is equivalent to the anterior and part of the anterolateral, the lateral is equivalent to the posterolateral with part of anterolateral and part of inferoposterior, and the inferior is equivalent to inferior and part of inferoposterior segments in the ACE system. Since a subxiphoid long-axis view was used for wall motion analysis, the segments of the left ventricle examined are not the same as those examined using parasternal or apical views. The basal and midseptal and free wall segments correspond to the basal and midseptal and free wall segments in the ACE nomenclature ( figure 1 ). In the ACE system, however, the apex was divided into a medial and lateral subdivision only. Due to our desire to use anatomic subdivisions and to distinguish septal from free wall movement, the apical region of the left ventricle was divided into the septal portion of apex, the contralateral free wall apex, and the true apex. The segmental shortening fraction was calculated by averaging the shortening fractions of the radii contained within each segment. The mean radial shortening fraction for the left ventricle in both short-and long-axis planes was calculated by averaging the shortening fractions of all 64 radii.
The intemal diameters of the left ventricle at end-diastole and A. B. end-systole were measured along 2 axes in the short-axis view:
(1) the anterior-posterior axis from anterior septum to diaphragmatic free wall, and (2) the transverse axis from the midseptum to midlateral free wall of the left ventricle. The ratio of these two diameters was calculated as the index of circularity of the left ventricle. The shortening fraction along the anterior-posterior diameter (M mode echocardiographic equivalent) was calculated (figure 1), and the difference between this shortening fraction and the mean radial shortening fraction was determined. Statistical analysis. 
Results
Configuration of the left ventricle. At end-diastole, the anterior-posterior diameter was not significantly different from the transverse diameter (septum-free wall) for all age groups (table 1). The ratio of these two diameters (index of circularity) at end-diastole at each age was not different from control (table 1, figure 2) , indicating that the left ventricle is circular in short axis as early as the first day of life. In contrast, the anteriorposterior diameter at end-systole was significantly greater than the transverse diameter on days 1 to 3, with no significant difference thereafter (table 1). The index of circularity at end-systole on day 1 (table 1, figure 2) was significantly different from control (1.3 + 0.14 vs 1.04 + 0.04, p < .001). There was a gradual reduction in the ratio of the two diameters over the succeeding days, so that by day 5 the mean values for newborns and control subjects were virtually superimposable. Thus, the end-systolic configuration was significantly noncircular on the first day of life but assumed a circular shape by day 3 or 4 (figure 3).
Left ventricular wall motion
Intersegment variation. On day 1 ( figure 4, A) , the wall motion pattern in short axis was not homogeneous (table 2) ; the highest segmental shortening fraction was in the anatomically opposed midseptal and midlateral segments, while the lowest values were found in the segments in the orthogonal plane (along the standard M mode axis), that is, the anterior septum and diaphragmatic free wall segments.
There was a progressive decrease in variation of wall motion among the short-axis segments ( figure 5, A) figure 6 . In long axis, there was significant variation in segmental shortening fraction among the segments for all age groups and control subjects except for the neonates on day 5. In the latter group, the pattern was similar to that in the other age groups, but the p value for the analysis of variance was .07 (table 2, figures 4, B, and 5, B). For all groups (including the control group), the lowest shortening fraction was observed in the apical and apicolateral segments.
Day-to-day variation within individual segments. On the first day of life the shortening fraction of the midseptal segment in short axis was similar to that in the control group, while the segmental shortening fractions of the other five segments were significantly lower (table 2) . There was a gradual increase in segmental shortening fraction for these five segments so that the lateral free wall segment reached the control range by the second day of life, the anterior free wall and diaphragmaticseptal segments reached the control range by the fourth day, and the anterior septal and the diaphragmatic free wall segments reached the control range by day 5. The mean radial shortening fraction in the short-axis plane was lower than control on day 1 In long axis all the septal and apical segments (table 2) exhibited a shortening fraction comparable to that in the control group on days 1 through 6. However, that in the midlateral segment was significantly below control on days 1 through 4, reaching the control range on days 5 and 6. The shortening fraction for the basallateral segment was also lower than control on days 1 through 3, reaching the control range on days 4 through 6.
The mean radial shortening fraction in the long-axis plane was significantly lower than control on days 1 through 4, but was not different from control on days 5 parasternal short-axis view was used for analysis of left ventricular shape. In newborns the heart is quite horizontal and leftward in the chest. In our experience, a true short-axis view of the left ventricle is very difficult to obtain from parasternal windows in this age group. The usual transducer location for a parasternal shortaxis view results instead in a diagonal cross section of the left ventricle, which causes the interventricular septum to appear flattened in diastole as well as in systole. Review of the illustrations in Azancot's article14 shows that the mitral valve is not central in the left ventricle as would be seen in a true short-axis view.
We have found that a subxiphoid transducer location yields a true short-axis view of the left ventricle, and have therefore used this view for analysis of left ventricular shape (figure 2).
The ventricular septum was shown to be flattened at end-systole in newborns. This finding was previously described in children with right ventricular hypertension by several investigators who found a strong correlation between a normalized radius of curvature of the ventricular septum and the right ventricular-to-left ventricular pressure ratio. 4 6 The systolic distortion of the left ventricle seen in our patients in the first few days of life is a reflection of the elevated right ventricular systolic pressure that is normally seen in newborns. While some investigators have related the radius of curvature of the ventricular septum to the ratio of the peak systolic ventricular pressures, it should be emphasized that the shape of the septum observed at any point in the cardiac cycle reflects the instantaneous transseptal pressure difference rather than the difference in peak pressures. This is particularly important because the peak pressure in the two ventricles usually occurs at different times in the cardiac cycle.
Regional wall motion. Regional performance,16 like global performance,'7 is determined by the loading conditions and contractile state of the ventricular muscle. Regional ischemia or localized areas of fibrosis, the most common reasons for regional variance in ventricular performance in adult patients, would be extremely unlikely in normal newborns, particularly in view of the rapid resolution of the nonuniform wall motion in the neonate. The most likely explanation for the observed nonhomogeneous regional performance is the combination of passive movement ofthe ventricular septum in response to the transseptal pressure gradient and to segment-to-segment variation in loading conditions, particularly afterload. From our data, however, it is impossible to differentiate these factors since it cannot be determined how much of the motion of the septum is passive and how much is due to active fiber shortening.
It remains controversial whether a fixed-reference or a floating-center-of-mass model is more appropriate for analysis of left ventricular regional wall motion. 1825
The floating-center-of-mass model has the advantage of allowing for correction of the rotational and translational motion of the heart. Although the floatingcenter-of-mass model tends to attenuate segment-tosegment variation in wall motion, we find results with this method to be more reproducible than those obtained with a fixed-reference method because of the ability to correct for the motion of the heart in relation to the transducer as well as the instability of the video image. Nonetheless, our results probably minimize the heterogeneity of segmental wall motion seen in newborns. Apparent augmentation of performance of the lateral free wall segment compared with the other free wall segments is probably due to the averaging effect of the model. That is, since the lateral free wall segment is opposite the midseptal segment, the model would tend to average the regional shortening fraction of these two segments, overestimating movement of the lateral segment and underestimating movement of the septal segment.
Global performance. Global left ventricular performance, as reflected by the mean radial shortening fraction, was lower up to day 5 available in humans, one would expect similar hemodynamic changes. Second, left ventricular preload may be reduced due to lower effective circulating blood volume. Finally, the preload reserve of the neonatal heart has been shown to be limited,27 restricting the ability to use preload reserve to compensate for the sudden rise in afterload. However, the relative contributions of these factors cannot be discerned from our data. The mechanism of depression of left ventricular systolic function in some patients with right ventricular hypertension (reduced left ventricular diastolic compliance secondary to elevated right ventricular diastolic pressure), as described first by Bernheim,28 is probably not applicable to our subjects, since no distortion of the diastolic shape of the left ventricle was observed.
Single-dimension shortening fraction. Evaluation of left ventricular systolic function with the use of a shortening fraction along a single diameter of the ventricle, as obtained by M mode echocardiography, assumes uniform contraction of the left ventricle. It is well accepted that segmental wall motion abnormalities, as seen in adults with ischemic heart disease, invalidate the M mode shortening fraction as an index of global left ventricular systolic function. Similarly, our data indicate that a single-dimension shortening fraction would be invalid in newborns as well. In fact, the anterior-posterior shortening fraction was significantly different from the mean radial shortening fraction in our subjects on the first day of life. There was a tendency for the anterior-posterior shortening fraction to be lower than the mean radial shortening fraction on days 2 through 4 as well, but this difference did not reach statistical significance, probably due to the small number of subjects evaluated each day. Nonetheless, in individual patients the single-dimension shortening fraction was found to be abnormal in spite of normal mean radial shortening. On day 5 and in the control subjects, the anterior-posterior shortening fraction and mean radial shortening fraction were virtually identical. Although still used commonly,29 our data indicate the single-dimension shortening fraction is not a valid index of global left ventricular systolic function in the first days of life and is probably not valid before day 5, at which time left ventricular regional wall motion is homogeneous. Moreover, the exact relationship between the mean radial shortening fraction and any single diameter would vary according to the exact wall segments intersected by the M mode beam. This fact, combined with the intersubject variability in the pattern of wall motion and in the rate at which wall motion becomes uniform, leads us to conclude that it is not possible to predict from our data the meaning of any given single-dimension shortening fraction. Probably the best variable for assessing global left ventricular function in the newborn is the ejection fraction calculated from measured volume.
In conclusion, we studied left ventricular shape and regional wall motion during the first days of life in normal newborns and showed that there is a significant interdependence between the two ventricles. At enddiastole, the left ventricular shape is circular, reflecting the lower end-diastolic pressure in the right ventricle compared with the left ventricle. In systole, however, elevated right ventricular pressure causes distortion of the left ventricular shape, which resolves within 5 days, presumably reflecting the expected fall in right ventricular systolic pressure. Consequently, M mode echocardiographic measurements should not be used for evaluation of global left ventricular function in newborns.
